Point sampling is essentially nonrepetitive sampling from a single well primarily for the purpose of defining present ground-water quality within each aquifer. Point monitoring is repetitive sampling from a single well or spring to detect changes in ground-water quality with time. Regional monitoring is repeated sampling of a large number of wells or springs in order to define time and space trends in water quality. When implemented, this element will make possible evaluation of previously identified actual or potential contamination problems of regional extent. Site-specific monitoring is repeated sampling at critical times and places in the vicinity of known or potential contamination in order to delineate problems of local extent. Selection of wells for this element of the network is beyond the scope of the project.
Based on site-selection criteria developed for meeting the initial intermediate objectives, more than 400 candidate wells and springs have been identified for sampling. Data on each site are tabulated and initial frequency of sampling and characteristics to be analyzed have been determined.
As data from the network are evaluated, selection of individual sites, sampling frequencies, and characteristics analyzed can be modified as needed. Sites can be added, deleted, or re-categorized as to network element. Present information will need to be incorporated in the network data base.
PURPOSE AND SCOPE
The Minnesota Pollution Control Agency (MPCA) plans to establish and maintain a statewide network for monitoring ground-water quality and has asked the U.S. Geological Survey to assist in its design. The purpose of this report is to design a monitoring network from available data which (1) can be immediately implemented to better define baseline conditions and evaluate major trends in ground-water quality on a statewide basis, and (2) can be expanded to incorporate ongoing and future detailed site-specific investigations of ground-water contamination. Sampling was begun by the MPCA in March 1978 and 101 wells and springs were sampled in the first year.
IDENTIFICATION OF PRINCIPAL AQUIFERS IN MINNESOTA
An aquifer is a formation, a group of formations, or part of a formation that contains sufficient saturated permeable material to yield significant quantities of acceptable water to wells and springs. Within this context, nearly the entire State is underlain by aquifers. However, water availability, quality, and demand vary from place to place and what constitutes acceptable water quality and yield for a particular use in one area may be unacceptable in a different area.
The geometry, hydrologic and chemical properties, and actual and potential use of aquifers in Minnesota have been broadly outlined in numerous previous studies. Hydrogeologic data are summarized in 39 U.S. Geological Survey Hydrologic Investigations Atlases. The atlases also contain considerable additional field data and define, in reasonable detail, the principal aquifers of the State. These 39 atlases were used as a basis for a summary of the ground-water resources of Minnesota (Lindholm and Norvitch, 1976) as well as a series of statewide hydrogeologic maps at a scale of 1:500,000 (Kanivetsky, 1979) . Aquifers in the Twin Cities area were delineated by Norvitch and others (197*O. Figures 1 and 2 show the general distribution of surficial sand and bedrock aquifers respectively.
The Minnesota Geological Survey (MGS) has begun preparation of several county atlases, which include more detailed aquifer definition, and has published a list of wells that penetrate Precambrian rocks (Kanivetsky, 1978) . Winter (197M summarized statewide ground-water-quality investigations. In addition to these areal studies, the U.S. Geological Survey is making a statewide study on the surficial-sand aquifer, a digital-computer ground-water flow model of the Paleozoic aquifer system in Minnesota, and a more detailed model of the Twin Cities Metropolitan area.
Aquifers were identified by compilation and analysis of sample logs, driller's logs, geophysical logs, test augering and drilling, geologic mapping by the Minnesota Geological Survey and U.S. Geological Survey, and soils mapping by the U.S. Soil Conservation Service. Hydraulic characteristics of many of the aquifers were determined by pumping tests, particle-size analyses, and other techniques. Ground-water models of several of the surficial-sand aquifer have been constructed and used to predict aquifer response to increasing water withdrawals.
The U.S. Geological Survey has developed a nationwide aquifer-classification system, which conforms to the criteria of the American Commission on Stratigraphic Nomenclature adhered to by all formally recognized geologic classification systems. The classification used by the U.S. Geological Survey Survey in Minnesota is in substantial agreement with the Minnesota Geological Survey classification. The codes for The studies served as the basis for identification of 13 principal aquifers for the monitoring network. The aquifers are listed below. This list is in complete agreement with the current MGS classification (Kanivetsky, 1979) In general, all but the undifferentiated Precambrian rocks and the Paleozoic rocks in northwestern Minnesota constitute principal aquifers. Parts of some principal aquifers have been assigned low priority for sampling based on the siteselection criteria outlined in this report.
Note that some gains in hydrogeologic knowledge or changes in water supplies or demands may result in future reevaluation and changes in the designation of aquifers. Ground-water quality varies continuously in time and space; delineation of this continuum is the broadest goal of sampling programs. The usefulness of individual waterquality analyses in this delineation depends on establishing the relation between point values in both time and space. Given sufficient sampling frequency and density, it is possible to define water-quality variations on a statistical basis. However, definition of the variations can be accomplished much more efficiently if the ground-water flow system is known. By sampling parts of the system that are most significant to ground-water flow, sampling costs are greatly reduced, and the geochemical processes involved are better understood. Successive stages of hydrogeochemical data collection and analysis are used to refine the understanding of the hydrogeochemical system until increasing valid projections can be made of the future operation of the system. The Minnesota Pollution Control Agency network, as designed, will expand the data base for quality of ground water from principal aquifers in the State, but the network will not provide the additional detailed hydrogeologic information necessary for interpretation of the data. This information, primarily on aquifer characteristics and flow patterns, is of necessity based on past studies and the ongoing State and Federal programs. Therefore, the network has been designed to assure that general interpretations of the water-quality data obtained can be made with available hydrogeologic information. The U.S. Geological Survey Hydrologic Atlas Series and the Minnesota Geological Survey hydrogeologic maps, which show collated information from the Atlas Series at a uniform scale, provide generalized hydrogeologic information on a statewide basis. Additional hydrogeologic information is also available for many areas of the State from more detailed ground-water studies. However, detailed hydrogeologic and geochemical studies will be necessary in some areas where ground-water-quality problems are complex.
Numerous other sampling programs exist in the State. The most significant of these, with respect to a statewide monitoring network, is that of the Minnesota Department of Health. In 1971, 663 municipal water-supply systems (plate 1), depended solely on ground water. More than 2,000 wells have been sampled at least once, and the concentration of major cations and anions, nitrate, iron, and manganese have been published by the Department of Health. Straub and others (1977) compiled these data to develop indices for water quality and ground-water pollution. Since approximately 1972, chemical analyses have generally included selected minor and trace constituents.
In general, however, the Minnesota Department of Health program provides for sampling water directly from the well only once; subsequent samples for the routine monitoring of coliform bacteria, nitrate, and other health-related constituents are taken from taps in the distribution system rather than from the well. Because available information on most municipal wells satisfies the network well-data requirements outlined in this report, periodic resampling of selected municipal supply wells could be included in future expansion of the network. Additional interagency coordination is needed, however, to avoid duplication of effort and to assure compatible sampling and analysis procedures and data-base management.
The Minnesota Department of Health also analyzes samples collected by drillers and private well owners from newly constructed and available wells. The location and construction details of these wells are poorly known. Samples are collected under varying conditions and are analyzed for only a few constituents. These data, therefore, were not considered in design of the network.
The Geological Survey data base presently contains analyses from approximately 2,000 wells collected primarily as part of individual projects. Samples from only a few wells have been analyzed for trace metals, organic compounds, or are from wells that have been sampled more than once. In some areas of intensive irrigation where the Survey has made studies, a network of monitoring wells has been established and resampled at approximately 5-year intervals. Many of these wells are included in the present network. In addition, a network of wells was sampled in 1960-62 in the Twin Cities Metropolitan area to identify baseline water-quality conditions for future resampling. Many of these wells have been abandoned or are now otherwise unsuitable for resampling. The remaining wells, which meet the criteria outlined in this report, have been included in the network.
Plate 1 shows the location of sites where possible changes in ground-water quality have been or are being monitored. The most extensive network is that maintained by the MPCA to monitor the effects of landfills on soil-moisture and ground-water quality. Samples are collected and analyzed by land-fill operators approximately four times a year. Data on a few constituents indicative of contamination from landfills are reported to the MPCA. Future expansion of the statewide network could include sampling by the MPCA at and near the landfills to establish baseline conditions for a greater number of organic and inorganic characteristics.
Detailed evaluation of other monitoring networks shown in plate 1 may indicate the desirability of additional sampling to establish baseline conditions or to better evaluate actual or potential contamination. Such detailed examination is beyond the scope of this report, but, where feasible, future work to expand and maintain the MPCA statewide network can attempt to evaluate and standardize the sampling program.
A major sampling effort, which may provide extensive baseline data on ground-water quality in deeply buried aquifers, is that of the U.S. Department of Energy National Uranium Resources Evaluation Program. Field sampling was begun by the Minnesota Geological Survey in summer 1978, when nearly 2,300 wells were sampled on a 3.2-mile grid spacing in the western part of the State. By 1980, wells in the remainder of the State will be sampled on a 6-mile grid.
Results of laboratory analyses for approximately 40 constituents and data from field measurements of alkalinity, specific conductance, pH, dissolved oxygen, and temperature will be released beginning in 1979.
A selective resampling program could evaluate the accuracy of these analyses. For those areas already sampled, design and implementation of a resampling program could begin when the initial results become available and trends or anomalies are identified. In areas where wells have yet to be selected and sampled, split samples could be taken. Data on radioactive constituents and trace elements, if shown to be consistent with the results of resampling, would greatly increase the amount of information available for these parameters. In the western part of the State, the field measurements and data on major constituents could be useful in delineating the extent of naturally occurring saline water in the buried-sand aquifer, Cretaceous sandstone and Paleozoic aquifers.
OVERALL MONITORING GOAL
The process of designing and implementing a network to monitor ground-water quality is outlined in figure 3 -The overall monitoring goal is to define the time and space variation of water quality in the principal aquifers of the State, with greatest detail in areas subject to stress by contamination or withdrawals. Such information will be of value to the MPCA in establishing baseline ground-water quality, Figure 3.--G«n«r«//z«d description of process of ground-water quality monitoring network design and Implementation assuring protection of drinking-water supplies, assessing the adequacy of waste-disposal systems, detecting ground-water contamination, designing possible remedial measures, and making management decisions. Because restoration of polluted ground water is costly, difficult, and slow, emphasis is needed on prevention of pollution as well as its detection.
Only through the ability to predict the effect of man's activity on water quality can deterioration be minimized. Prediction requires that the dynamics of the flow system be understood; in general, available hydrogeologic data suffices only for a description of conditions.
SPECIFIC MONITORING OBJECTIVES
Attainment of the overall goal requires formulation of the specific and realistic intermediate objectives that can be achieved with the available data ( fig. 3 ).
The specific objectives of the network are to:
1. continue definition of baseline conditions in the principal aquifers of the State, with emphasis on waterquality constituents for which specific limits have been established in drinking-water supplies. Few analyses have been made to date of herbicides and pesticides and other individual organic compounds, minor and trace elements, and radionuclides 2. begin a network of key wells to determine trends of water-quality changes with time in local areas of principal aquifers that are significant with respect to water use 3. evaluate areally extensive aquifer contamination where available hydrogeologic data and wells permit.
DESIGN OF NETWORK ELEMENTS
Adequacy of available ground-water data was evaluated and the network monitoring elements were designed to achieve the intermediate monitoring objectives (fig. 3) . Each of the four elements shown in table 2 has a definite purpose designed to meet specific monitoring objectives. The scope of each element is based on that purpose and the availability of existing wells and hydrogeologic and geochemical data. The first three elements are within the scope of present monitoring capability and data availability. The fourth element, site-specific monitoring, is problem oriented and requires individual network design based on the specific problem. (table 2) is nonrepetitive sampling from a single well primarily for defining areal baseline water quality within each aquifer. Although concentrations of major and minor cations and anions will be determined, emphasis is placed on defining the statewide distribution of constituents for which limits have been established in drinking water and for which few analyses have been made in the past.
Monitoring network element
Point monitoring is repetitive sampling from a single well or spring to detect changes in ground-water quality with time. Wells have been selected in areas where such changes are anticipated, such as near areas of major withdrawals.
Regional monitoring is repeated sampling of a large number of wells or springs in order to obtain time and space trends of ground-water quality. By sampling many wells, water-quality data can be broadly evaluated without precise information on the ground-water-flow system in the immediate vicinity of the well, location and nature of sources of contaminants, and volume of the aquifer sampled by the well.
Site-specific monitoring involves repeated sampling at critical places and times in the vicinity of known or potential contamination. A ground-water study is required to define the flow system in order to evaluate the impact of localized stresses, particularily if remedial action or predictive ability are needed. Location and construction of sampling wells is critical and, in general, requirements will not be met by available wells.
Major problems in meeting the intermediate objectives ( fig. 3) are (1) all the principal aquifers must be included in the network, (2) initially, approximately 100 samples will be collected per year, (3) the network must be designed from available data without fieldwork, and (4) sampling is limited to existing wells.
The initial individual emphasis of the four network elements is proposed in table 2, and expressed in percentage of wells and percentage of samples. The percentages do not reflect current MPCA site-specific-monitoring activities; only sampling from new sites is indicated. As the objectives of other network elements are met, sampling for the sitespecific-monitoring element can be included.
The general approach to network design discussed above can also be focused on specific problems. An example is the impact of highway deicing chemicals on water quality. The elements of such a program would be:
1. Point sampling: sufficient baseline data is available 2. Point monitoring: sample a limited number of key wells throughout the State several times annually at, for instance, highway rest areas and major intersections.
3. Regional monitoring: locate or construct a large number of wells along roadways where much salt is used and sample at several-year intervals.
4. Site-specific monitoring: test drill and design network to monitor water quality in areas particularly susceptible to contamination and in areas known to be polluted, such as near major stockpiles of salt.
SITE-SELECTION CRITERIA
As indicated in figure 3, site-selection criteria depend on:
1. formulation of specific monitoring objectives and the design of a network to achieve these objectives 2. lacking suitable available wells and the option of constructing them, previous stages of network design must be re-examined 3. the process of site selection is not complete until the aggregate of all wells in the network is satisfactory 4. as sampling proceeds and original monitoring objectives are achieved, sites should be deleted, changed to other network elements, and additional sites should be selected to accomplish new or expanded goals and objectives.
In addition to meeting the purpose and scope as given in table 2, the aggregate of individual wells selected for each network element must also satisfy the following additional requirements ( fig. 3 ):
1. in conjunction with available data, provide a statewide overview of ground-water quality, both with respect to natural constituents and to contaminants 2. include all principal aquifers with an emphasis proportional to present use and the availability of alternative water supplies 3. maximize integration of the network with other waterresources data networks and projects 4. provide data on water quality for studies of regionally significant problems such as those associated with areas of karst, induced or artificial recharge, movement of naturally saline water between aquifers, and extensive irrigation.
Based on these criteria, more than 400 wells and springs were selected and their data tabulated (table 3) . Figures 4  through 13 show the distribution of these wells by principal aquifer.
Point Sampling: Distribution requirements
Available information on ground-water-quality has been evaluated to determine areas where additional baseline data are needed. Files were searched for existing wells in those areas and groups of individual wells that best satisfy the following additional requirements considered for selection.
1. wells that are systematically distributed with respect to the regional-flow system (where known) 2. wells from which data will refine the definition of baseline quality and areal changes in water quality 3. wells that are part of present water-resources related data networks 4. wells that are frequently used, to assure that the sample is representative of water in the aquifer.
Suggested initial criteria for judging the adequacy of available data for defining baseline water quality in each aquifer are:
1. at least one sample every 1,000 square miles (approximately one per county) 2. at least three samples in each of the 39 watersheds.
Samples can be analyzed for constituents for which limits have been established in drinking-water supplies, including major cations and anions and selected minor and trace elements, herbicides, pesticides, other organic compounds, radionuclides and biologic constituents. In general, these distribution requirements already have been met for the major cations and anions. 
..L___L.-. j r r::c:L- In general, well-data requirements are the same as for point sampling, although greater emphasis has been placed on evaluating the reliability of reported data. MPCA pointmonitoring wells may provide sites for additional data collection by the MPCA and other agencies. Examples of future data collection include direct measurement of pumpage, geophysical logging, monitoring of water levels, and construction of additional wells at the site to monitor other aquifers.
In addition to data requirements 1 to 4 listed under point sampling (p. 20), priority has been given to wells:
1. that have been sampled previously 2. for which pumping or water level records are maintained 3. that are of relatively new construction to help assure that the well will be available for repeated sampling and that the casing, screen, or grout have not deteriorated 4. for which geologic samples of well cuttings or a geologist's log are available 5. for which pumping test data are available.
Regional Monitoring: Distribution requirements
Sites have been selected to evaluate three previously identified actual or potential regional problems of water quality degradation. These are: the karst region of southeastern Minnesota; areas of intensive irrigation; and areas of potential and actual migration of saline water owing to pumping.
In the karst region of southeastern Minnesota, groundwater contamination from septic tanks and livestock is widespread in the carbonate aquifers. It is believed that underlying sandstone aquifers are also being contaminated. The Minnesota Department of Health has documented the severity of the problem and has funded projects by five public agencies to examine various aspects of the problem. As yet no areal network has been established to monitor temporal trends. Because the hydrogeology of the karst region is exceedingly complex, the network, as designed, focuses on an area in Mower and Fillmore Counties, where available hydrogeologic data may be adequate for interpretation of the chemical analyses. Thirteen springs and nine wells have been selected for sampling in Fillmore and Mower Counties. In addition to these ground-water stations, surface-water stations can be incorporated into the network and coordinated with present monitoring programs.
Acreage under irrigation is increasing dramatically in Minnesota. Selective resampling of wells by the U.S. Geological Survey suggests a possible increase in nitrate concentration and dissolved solids in some areas. The impact of agricultural chemicals is not completely known, but can be generally evaluated by sampling wells in irrigated areas.
In northwestern and southeastern Minnesota, highly mineralized water occurs in bedrock aquifers. Pumping can cause upconing and lateral migration of water from underlying saline-water aquifers to overlying freshwater aquifers. The future effect on water quality of increasing withdrawals for industry and irrigation is unknown, but regional monitoring can be used to define trends.
Regional Monitoring: Well-data requirements
In general, well-data requirements are the same as for point sampling. However, increased reliance on field checking of the available data will be necessary. Additional wells that meet the criteria will need to be located in the field.
Most domestic wells in the karst region are completed in the uppermost carbonate aquifer. Such wells are suitable if sufficient information about the well is available. Many well owners can provide data on the depth of their well, depth to bedrock, and length of casing.
Irrigation wells that tap the surficial-sand aquifer are nearly ideal for monitoring effects of irrigation on surficial-sand aquifer. Where information on existing highyield wells in the surficial aquifer were not available, shallow, privately-owned wells and existing U.S. Geological Survey observation wells were selected. In irrigated areas, emphasis has been placed on selecting wells where the water table is within 20 feet of the land surface.
In areas of potential encroachment of highly mineralized water, wells have been selected in aquifers and areas where quality is expected to be most affected by pumping stresses. Suitable wells were located in the Red Wing and Winona areas, but not in northwestern Minnesota.
Site-specific Monitoring:
No criteria have been developed for this element of the network.
NETWORK OPERATIONS Introduction
Operation of the network will require decisions by the MPCA as to the relative level of effort placed on each individual element of the network. In addition, manpower and funding constraints control the number of sites selected, the frequency of resampling, and the number and choice of constituents analyzed. Suggestions for each of these decisions are included in tables 3 and 4, based on the criteria outlined in table 2 and the experience of 1 year of network operation by the MPCA. A supplementary list of trace elements and indicators of radioactivity is suggested for at least the first sample from each point-monitoring well or spring (Schedule IV, table 4). Parameters have been included for which health risks have been established (for example, hexavalent chromium) and which are useful in geochemical characterization (for example, aluminum). Analysis of samples for the suggested indicators of radioactivity (alpha, total and beta, total) and radioactive constituent (potassium-40) will provide general data on which to base future sampling decisions. Selected wells can be resampled for an expanded schedule of radioactive constituents based on these initial analyses and results of samples collected by the Minnesota Geological Survey.
The parameters make up a minimum list; additional analyses can be added to the list as analytical capability becomes available and the need arises. In particular, contamination of ground water by toxic organic compounds is of increasing concern; little is known about the natural distribution of individual organic compounds in ground water. General indicators such as phenols, oil and grease, and dissolved organic carbon can be useful in identifying severe cases of contamination. However, data could be obtained on a statewide basis on individual compounds. For instance, polynuclear aromatic hydrocarbons may be present in significant amounts in natural waters. Where it is anticipated that time-series data will be required in the future for individual organic compounds for which adequate chemical extraction procedures have been developed, it may prove practical to prepare and store extracts for future analysis. For example, in the sand-plain areas, samples could be taken and extracted during one sampling period. A limited number of samples could then be screened for herbicides and pesticides and the remainder of the samples analyzed at a later time for the specific compounds suggested by the screening. Selected herbicides and pesticides are listed in Schedule V, table 4.
The constituents and characteristics listed for each well in table 4 are for the first sample from each site. Ideally, they would not be deleted from successive samples; where specific substances are known to be of particular interest, such as sodium and chloride in areas of encroachment from deep naturally saline aquifers and coliform and nitrate in shallow aquifers, the number of analyses may be reduced. Analyzing each sample for at least major cations and anions and dissolved solids, as well as the other constituents of particular interest, can be useful in identifying measurement errors resulting from sampling methodology, sample preservation, or analytical procedures, as well as changes in the well condition or other factors that may alter the volume of aquifer being sampled. Interpretation of the chemical data with available hydrologic data will be required to isolate actual changes in water quality from such measurement errors.
Frequency of Sampling
A minimum sampling frequency is listed for each spring and well in the network based on its classification by design element and its hydrogeologic setting (table 3) . The objective of the point-sampling element to establish general areal trends in natural water quality may be achieved by a single sampling at each well. However, resampling of selected wells should be considered to evaluate measurement reliability. In deeply buried aquifers, resampling even after several months should permit a general evaluation of the sample repeatability. In shallow aquifers that are affected quickly by local recharge and in areas of contamination or pumping stress, sampling and analytical variations may be masked by actual changes in aquifer water quality; spurious variations may be identified by resampling immediately after collection of the initial sample.
When the uncertainty owing to sampling and analytical variations is generally ascertained, the sampling frequency can be reduced. Where stress on the aquifers is cyclical, such as in areas of heavy pumping for irrigation or air conditioning, samples can be taken at different times in the stress cycle.
As samples are collected, analyzed, and changes in chemical quality with time identified, selected wells can be resampled at more frequent intervals to evaluate the changes in greater detail. At point-monitoring and regional-monitoring sites where water quality is changing, more frequent sampling may be warranted immediately. However, frequent sampling to pinpoint the arrival time of contaminants to an individual monitoring well will reduce the total number of sites that can be sampled unless the current level of data collection and analysis is significantly increased.
Sampling Methodology
General procedures used by the U.S. Geological Survey for sampling ground water are outlined in Wood (1976) .
The sampling methodology should be followed as closely as possible so that successive samples can provide comparability of time-series data. The sampling point, for instance, should not be changed unless the original is suspected of being inadequate. All sampling mechanisms permit some degree of sample contamination or loss of constituents; the decision to change a sampling point in order to reduce contamination or loss must be balanced with the need for consistency. Likewise, the pumping rate and duration used for the original sample establishes the volume of aquifer sampled. In wells equipped with pumps, the rate of withdrawal will generally be relatively constant from sample to sample.
Data-base Management
The statewide network to monitor the quality of ground water will produce large amounts of data that may be difficult to manage efficiently. In addition, considerable data collected by State and Federal agencies could be incorporated into the network data base, particularly for the point-sampling element of the network.
Site identification numbers suitable for use with the U.S. Environmental Protection Agency STORET and U.S. Geological Survey WATSTORE systems and Minnesota Unique Well Numbers for use with State agency ground-water data bases have been included for sites listed in table 3. Use of these identifiers will permit exchange of information between data bases.
Care should be taken in entering previously collected data into the statewide network data base. In particular, the reliability of the data needs to be assessed and the agency collecting and analyzing the samples and exact measurement identified by STORET parameter number. If a STORET parameter number encompasses more than one measurement technique (for example, field and laboratory values of bicarbonate), inforation on the procedures used can be appropriately recorded.
